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Section  X 

sommhi 


Tht  general  objective  of  this  study,  as  rt quired  by  Contract  N0KR-4236(OO), 
la  tba  Investigation  of  tha  factors  which  control  tha  duration,  brightness 
temperature,  and  spectral  distribution  of  radiant  energy  produced  by  ebealeal 
flashes.  The  program  has  been  divided  Into  four  phases: 

1.  Development  of  test  equipment* 

2.  Combustion  studies. 

3.  Nonequlllbrlua  studies. 

4.  Evaluation  of  data  and  system  design. 

During  the  period  of  1  June  to  31  December  1963,  work  has  been  expended  In 
the  first  three  phases,  which  will  be  presented  In  this  report. 

Major  achievements  of  the  period  have  been: 

1.  Disclosure  of  several  chemical  reactions  vhlch  have  theoretical  flame 
temperatures  greater  than  5,OOOTC. 

2.  Achievement  of  a  brightness  temperature  of  5,800°K  with  a  zirconium- 
potassium  perchlorate  mixture. 

3*  Discovery  of  strong  line  emission  In  metal -potassium  perchlorate  reaction: 

4.  Discovery  of  a  very  strong  time  dependency  of  line  emission  brightness 
during  the  progress  of  the  reaction. 

3.  Theoretical  prediction  of  Intense  nonequlllbrlua  light  emission  from 
doped  metal-oxldlzer  reactions. 

6.  Experimental  verification  of  the  predicted  possibility  of  achieving 
Intense  line  emission  from  a  metal-oxldlzer  reaction  by  doping  with 

metal  salts. 

Three  of  these  achievements  are  considered  extremely  Important  to  the  present 
study.  Elrst,  the  5,800°K  temperature  which  was  achieved  Is  considered  to  be  the 
highest  temperature  yet  achieved  In  the  United  States  with  a  pure  chemical  reaction. 
This  high  temperature  indicates  that  even  If  ncnequlllbrliae  amission  eaanot  he 
utilized,  blackbody  temperatures  high  enough  to  pusp  e  laser  ere  available  from 
natal -oxidizer  reactions. 

Second,  the  theoretical  prediction  of  nooequillbrlun  emission  fron  doped 
natal -oxidizer  reactions  Indicates  that  brightness  temperatures  considerably 
higher  then  5,8<xnc  are  definitely  possible.  Work  is  now  being  performed  to 
realize  these  possibilities. 
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Third,  Intense  line  emission  from  doped  reactions  Indicates  that  non- 
equillbrium  emission  does  exist  In  metal -oxidi ter  reactions  during  the  Initial 
stages  of  the  reaction.  Therefore,  It  is  expected  that  extremely  intense  son- 
equilibrium  emission  will  be  achieved,  as  predicted  by  the  theoretical  non* 
equilibrium  study,  during  the  second  half  of  the  present  study  program. 

Experimental  studies  will  be  continued  In  both  combustion  and  non- 
equilibrium  during  the  second  half  of  the  study  period  with  strong  emphaslt  on 
nonequlllbrlun.  Three  classes  of  dopants  vlll  be  examined;  namely,  highly 
emissive  metals,  strong  dipole  salts,  and  high  temperature  fluorescent  materials. 
Combustion  studies  vlll  continue  vlth  stronger  emphasis  on  basic  reaction  paths 
and  production  of  excited  species  in  the  flame.  This  data  vlll  be  used  directly 
In  the  nonequilibrium  dopant  study.  Thus,  the  final  result  of  the  two  study  areas 
vlll  be  the  development  of  a  source  of  high  Intensity  nonequilibrium  radiation. 
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Section  U 

EXPERIMENTAL  BQUHXDT 


The  necessary  experimental  equipment  for  a  study  of  the  light  output  of 
chemical  flash  reactions  may  be  divided,  into  three  groups:  Sensors,  ignitors, 
and  chambers.  The  sensors  must  measure  light  intensity  as  a  function  of  time  ' 
and  wavelength.  Two  general  types  are  in  use.  One  type  is  used  for  producing 
time  resolved  spectra  and  the  other  type  is  used  for  measuring  monochromatic 
intensities  as  a  function  of  time.  The  calibration  technique  is  discussed  in 
detail  because  all  temperatures  quoted  are  accurate  only  Insofar  as  the 
calibration  is  accurate. 

The  Ignitor  is  used  to  Ignite  the  reaction  mixture  at  a  predetermined  time 
and  with  a  minimum  disturbance  of  the  system.  Therefore,  a  brief  discussion  of 
the  ignitor  design  is  presented. 

The  chambers  in  use  may  be  divided  into  four  types :  Flat  plate,  atmospheric 
solid  oxidizer,  pressurized  oxygen,  and  dynamic  pressurization.  Each  is  designed 
to  provide  a  specific  function  for  accurate  intensity  measurement  at  various 
specified  conditions  such  as  with  pressurized  oxygen,  a  solid  oxidizer,  or  under 
high  pressure.  Consequently,  a  knowledge  of  a  chamber  design  is  important  for  an 
understanding  of  the  data  presented  in  section  three. 

TIME  RESOLVED  SPECTRA 

The  variation  of  light  intensity  from  chemical  flashes  with  wavelength  and 
time  can  be  measured  by  the  use  of  the  apparatus  shown  schematically  in  Figure  1. 

A  Bausch  and  Lomb  1.5  meter  grating  spectrometer  serves  to  record  on  film  the 
light  intensity  incident  cm  the  entrance  slit  as  a  function  of  wavelength.  Tims 
resolution  is  accomplished  by  a  sectored  wbeel  revolving  in  front  of  the  silt. 

At  any  particular  time  during  the  flash  only  a  certain  portion  of  the  slit  height 
is  exposed  to  incident  radiation  by  the  sectored  wheel.  A  sample  sectored  wheel 
is  shown  in  Figure  2;  this  wheel  has  ten  sectors  each  cut  at  a  different  radius.  . 
Each  of  the  sectors  shown  occupies  18  degrees  of  arc  of  the  wheel.  .  Buis,  for 
example,  a  wheel  turning  at  one  revolution  in  40  millisecond*  would  allow  a 
series  of  two  millisecond  exposures  to  be  taken.  Since  the  spectrcswter  1* 
stlgmatlc,  light  from  various  portions  of  the  slit  height  will  be  recorded  at 
various  corresponding  heights  on  the  film.  To  avoid  the  possibility  of  light 
being  gathered  from  different  portions  of  the  radiating  cloud  leading  to  e  con¬ 
fusion  of  spectral  distribution  of  the  light  with  a  tins  distribution,  the  optlos 
have  been  arranged  so  that  the  object  image  at  the  spectrometer  slit  1*  enlarged 
about  three  and  one-half  time*. 

A  DC  light  source-phototranslstor  combination  is  used  to  measure  the  time 
per  revolution  as  well  as  acting  as  a  timing  trigger  for  ignition  of  the  chemicals- 
when  the  firing  switch  is  flipped  the  ignition  spark  will  be  thrown  the  next  time 
the  phototransistor  senses  the  light  source  through  a  slot  in  the  sectored  disk. 
Seme  of  the  light  focused  on  the  spectrometer  entrance  slit  is  dsfleeted  by  beam 
dividers  to  two  calibrated  phototubes  equipped  with  narrow  band  filters.  She 
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output  of  the  phototube*  versus  tine  1*  displayed  oa  a  C.R.T.  and  photographed. 
Using  the  phototube  output  to  measure  light  Intensity  and  a  microphot on* ter  to 
measure  spectral  film  darkening  versus  time  and  wavelength.  It  is  possible  to 
calibrate  the  film  darkening  with  radiant  intensity  and  hence  brightness  tempera¬ 
ture.  By  careful  duplication  of  the  exposure  time  and  developing  technique,  and 
use  of  the  same  film  emulsion  batch  number,  the  film  can  be  similarly  calibrated 
at  enough  wavelengths  to  allow  one  to  plot  isotherm*  directly  on  any  micro- 
photometer  trace  of  spectra  taken  In  the  same  fashion.  This  seemingly  complicated 
system  for  calibrating  film  darkening  versus  radiant  Intensity  is  necessary 
because  of  the  reciprocity  effect  (l).  The  film  must  be  calibrated  using 
Identical  exposure  times  as  the  exposure  to  be  measured  and  available  calibration 
standards  do  not  have  a  high  enough  radiant  Intensity  to  do  the  Job. 

Time  resolved  spectra  should  mllw  the  rapid  determination  of  brightness 
temperature  as  a  function  of  wavelength  and  time.  This  would  be  very  helpful 
in  determining  the  effect  of.  various  additives  on  brightness  or  on  the  light 
output  in  any  narrow  spectral  region  In  the  wavelength  range  of  the  Instrument. 

If  nonequilibrium  radiation  can  be  produced,  it  la  much  more  likely  to  be  detected 
by  use  of  the  spectrometer  than  by  phototubes  with  narrow  band  filters.  It  Is 
also  possible  that  the  way  In  which  intensity  is  observed  to  change  with  time 
could  reveal  something  about  the  combustion  process. 

MONOCHROMATORS 

Measurement  of  light  intensity  in  a  given  spectral  region  requires  some  fora 
of  monochromator  for  selection  of  the  spectral  region.  Several  types  of  mono¬ 
chromators  have  been  tried  In  an  effort  to  find  a  simple  yet  sensitive  device. 

One  of  the  first  methods  tried  was  the  use  of  Wratten  filters.  The  Wratten 
filters  chosen  were  selected  for  narrow  bandvidths  and  high  transmittance*  la 
the  bandwidth.  However,  even  the  best  Wratten  filters  had  very  wide  bandwidth* 

( .^5008)  which  produced  anomalous  results  If  the  system  under  study  deviated 
greatly  from  a  blackbody.  Consequently,  Wratten  filters  were  scrapped. 

After  further  study  it  was  felt  that  interference  filters  would  be  the  boot 
because  they  offered  the  advantage  of  narrow  bandwidth s  ( -=  100 A )  and  high 
transmittance.  Two  types  of  interference  filters  are  available: 

1.  The  fixed  type  which  is  manufactured  for  a  specific  transmittance  region. 

2.  The  wedge  type  which  transmits  n  given  wavelength  nt  n  specific  region 
on  the  filter. 

Each  type  has  found  us*  in  the  laboratory.  Tbe  fixed  type  has  been  used  in 
conjunction  with  the  Bausch  and  Lamb  spectrograph  for  calibrating  the  Intensity 
response  of  the  photographic  fllas.  For  this  purpose  it  is  admirably  salted 
because  scanning  is  not  necessary.  Figure  1  shews  use  of  these  filters  on  the 
time  resolved  spectra  apparatus. 

The  wedge  type  is  quit*  useful  as  a  quick  scanning  device  far  rough  plotting 
of  Intensity  distribution  from  flash  reactions.  It  Is  sxtrsnsly  compost,  and 
nay  be  easily  calibrated  because  the  spectrum  is  linear.  Furthermore,  it  may  bo 
mouatod  permanently  to  a  phototube  pickup  box  to  construct  a  very  small  spectro¬ 
photometer  .  Figure  3  chows  the  wedge  filter  mounted  on  n  phototube  box. 

ft 


Figure  8  .  Phototube  Spectrophotometer  Sensor  Unit 
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DETECTORS 

Several  types  of  detectors  are  currently  in  use  in  the  laboratory,  these 
aay  be  divided  into  three  categories :  Solid  state,  photodiode  tribe,  and  photo- 
aultlplier.  Bach  type  is  being  used  in  its  specific  area  of  sensitivity. 

the  solid  state  photocells  are  currently  in  use  in  lew  sensitivity  applica¬ 
tions  such  as  for  pulse  counters  on  the  tine  resolved  spectra  setup.  However, 
their  high  sensitivity  in  the  Infrared  makes  then  admirably  suited  far  nessure- 
ments  in  the  infrared.  An  infrared  sensor  is  currently  under  construction  which 
will  utilize  the  solid  state  infrared  detectors. 

The  photodiode  tubes  have  been  utilized  in  the  visible  range  in  conjunction 
with  the  wedge  interference  filters.  Maximum  sensitivity  is  at  5hOOA. 

The  prime  disadvantage  of  the  photodiode  tubes  is  that  sensitivity  is  rather 
low  when  used  with  the  wedge  interference  filters.  Therefore,  the  minimum  signed 
detectable  above  noise  level  corresponds  to  a  blackbody  temperature  of  approxi¬ 
mately  2300°K. 

For  high  sensitivity  applications  such  as  measurement  of  narrow  line  (  5&) 

intensities  in  conjunction  with  the  grating  spectrographs,  photomultiplier  tubes 
axe  used.  These  tubes  offer  the  advantage  of  extremely  high  sensitivity,  but  are 
subject  to  microphonic  pickup.  For  this  reason,  the  photomultiplier  tubes  are 
not  in  more  general  use  in  the  laboratory. 

SYSTEM  CAUBRATIOH 

Accurate  measurement  of  absolute  light  intensities  requires  an'  accurate 
system  calibration.  Before  a  system  calibration  can  be  undertaken,  suitable 
intensity  standards  must  be  chosen. 

As  a  primary  standard,  a  tungsten  ribbon  bulb  calibrated  by  the  Katiooal 
Bureau  of  Standards  was  chosen.  Because  it  was  necessary  to  preserve  this 
standard,  several  tungsten  ribbon  bulbs  were  calibrated  against  the  primary 
standard  to  serve  as  expendible  secondary  standards.  At  the  time  of  calibration 
of  these  secondary  standards,  an  optical  pyrometer  was  also  calibrated  for  use 
as  a  cross  check  on  the  decay  rates  of  the  secondary  standards.  Thus,  as  tbe 
secondary  standards  are  vised,  they  may  be  continuously  recalibrated  with  tbs 
optical  pyrometer.  In  actual  operation,  however,  recalibration  was  not  necessary 
until  the  filament  approached  burnout.  It  was  assumed  that  the  pyrometer  cali¬ 
bration  did  not  decay  because  the  calibration  had  remained  unchanged  during  a 
two  year  period  of  use  prior  to  use  in  the  laser  laboratory.  A  second  calibra¬ 
tion  of  the  pyrometer  in  the  laser  laboratory  after  six  months  operation  haa 
confirmed  this  aaeuaptlon. 

To  eliminate  random  errors  in  calibration,  the  radiant  intensity  of  two 
secondary  standard  bulbs  was  calculated  at  several  operating  temperatures  by  use 
of  the  tungsten  emlsslvlty  tables  and  the  blackbody  radiation  tables  prepared  by 
the  national  Bureau  of  Standards.  Cross  check  with  tbe  original  calibration 
gave  no  significant  errors,  therefore,  the  tables  were  sssnmsd  correct  far  tbe  two 
bulbs  in  question. 

Because  randon  errors  could  occur  during  systen  calibration,  the  system  wae 
calibrated  at  several  bulb  tenperatures  between  2,200OK  and  3,0w°K  to  give 
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statistically  significant  calibration  curvss.  As  actual  response  curves  vere 
found  to  be  linear  with  Intensity  as  vas  originally  assumed.  Figure  k  than 
the  normalised  calibration  curves  plotted  for  one  of  the  vedge  interference 
filters  and  929  phototubes  currently  in  use  in  the  laboratory*  A  similar  cali¬ 
bration  procedure  vas  used  on  all  sensors  currently  in  use. 

Calibration  of  film  response  used  in  the  grating  spectrographs  is  performed 
during  each  shot  by  measuring  the  radiant  intensity  at  three  or  four  selected 
spectral  regions  with  interference  filters  plus  lP2fl  photomultiplier  tubes.  With 
this  data  isotherms  may  be  plotted  on  the  olcrodensitoneter  readouts  to  assist  In 
determination  of  film  response. 

Brightness  temperatures  found  by  use  of  the  present  calibration  techniques 
are  accurate  to  i  2  l/2  per  cent  up  to  6000°K.  Higher  temperatures  will  require 
a  higher  temperature  standard  source  for  accurate  calibration. 

DEVELOPMENT  OF  IGNITION  SYSTEM 

The  ignition  of  metal -oxidizer  mixtures  requires  that  scam  of  the  metal  be 
raised  to  its  boiling  point  before  autoconbustion  can  begin.  Because  it  vas 
desired  to  measure  the  temperature  of  the  chemical  reaction,  and  not  the  ignition 
temperature,  a  second  requirement  vas  that  the  ignition  energy  must  be  much  lass 
than  the  available  reaction  energy.  Third,  sensing  and  recording  equipment  to  be 
used  required  synchronization  of  the  flash  vlth  the  recording  period.  Therefore, 
some  form  of  electrical  ignition  vith  a  very  short  delay  vas  necessary. 

Uw  first  attempts  at  controlled  ignition  vara  performed  vith  fyrofuse 
triggered  by  a  battery.  Ignition  vas  erratic,  often  occurring  several  seconds 
after  the  electrical  Impulse.  Furthermore,  rapid  firing  in  sequence  vas  almost, 
impossible. 

'I 

A  second  approach  vas  to  use  an  exploding  wire  triggered  by  a  high  voltage 
capacitor  discharge.  Ignition  occurred  almost  Instantaneously,  but  again  rapid 
firing  vas  almost  impossible.  j 

Spark  discharges  were  tried  next,  but  ignition  vas  erratic,  apparently 
because  of  a  lov  current  density.  Hovever,  rapid  firing  could  be  easily  accomp¬ 
lished  if  the  erratic  behavior  could  be  corrected. 

To  increase  current  densities,  a  capacitor  discharge  vas  used.  Ignition  mas 
uniform  and  instantaneous  in  all  fixtures  tried.  The  vire  electrodes  meed 
initially  vere  easily  Jarred  from  alignment  and  vert  vaporised  very  quickly. 
Therefore,  only  tvo  or  three  firings  could  be  made  before  the  electrodes  had  te 
be  replaced. 

To  solve  the  electrode  problem  a  search  vas  mads  for  more  rigid  electrodes. 
Automobile  spark  plugs  proved  suitable.  The  base  of  the  ping  vas  filled  vlth 
epoxy  resin  to  provlds  a  flat  surface  for  the  pyrotechnic  povder. 

Control  of  the  capacitor  discharge  circuit  vas  first  tried  by  usimgamsssmsy 
thyratron.  Hovever,  a  large  leakage  voltage  vas  alvays  present  across  the 
electrodes  vhlch  could  cause  premature  ignition.  The  thyratron  vas  replaesd  with 
a  high  voltage,  heavy  duty  double  pole  relay  vhlch  provided  cooplete  isolation  of 
the  electrodes  until  actuation. 

The  final  ignition  circuit  and  Its  operating  behavior  Is  sham  la  Figaro  J.  § 
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DE83PH  OF  CHAHMBS 

Chamber  design  It  perhaps  ths  most  Important  varlahls  affecting  temperature 
measurement  of  pyroteotanio  flashes.  Consequently,  very  oareful  thought  has  been  j 
given  to  the  design  of  special  chambers  to  insure  accurate  temperature  measure¬ 
ment 

-  ■  ■  ■  .  .  ■  ’  "| 

One  of  the  first  designs  tried  is  the  simplest.  It  consists  merely  of  a  j 
flat  metal  sheet  upon  which  the  flash  mixture  is  ignited.  2h  general  a  heal-  ! 

spherical  fireball  la  formed.  The  flat  sheet  design  provides  for  minimal  pressure  | 
and  shock  effects  while  allowing  complete  access  to  the  flame.  The  prism  dis¬ 
advantage  is  that  rapid  cooling  occurs  at  the  outer  surface  of  the  fireball  which  j 
produces  a  zone  of  line  reversal  and  scattering,  thereby  giving  optical  tempera¬ 
tures  somewhat  lower  than  the  true  temperature.  A  second  disadvantage  is  that 
fireball  size  is  uncontrolled  and  varies  greatly  between  shots. 

To  alleviate  some  of  the  problems  associated  with  the  flat  sheet,  the 
atmospheric  omnidirectional  chamber  was  designed.  This  design  controls  the  size 
and  shape  of  the  fireball  by  directing  it  upward  through  a  short  chimney  equipped  J 
with  a  360°  window  at  its  base.  Measurements  are  made  near  the  base  of  the 
fireball  at  a  point  where  the  size  is  relatively  constant  for  each  shot.  The 
greatest  disadvantage  is  that  large  eddy  currents  sire  set  up  in  the  apparatus 
during  firing  which  circulate  a  large  amount  of  dust  into  the  field  of  view.  >. 

Thus,  scattering  of  emitted  light  becomes  a  serious  problem. 

The  final  atmospheric  chamber  design  resulted  when  the  omnidirectional 
chamber  was  modified  to  correct  the  scattering  problem.  An  adapter  was  designed 
to  fit  the  omnidirectional  chamber  which  would  highly  collimate  the  flame  and  sent  , 
it  through  an  overexpanding  nozzle  to  bring  the  flame  to  one  atmosphere  pressure.  | 
Slightly  downstream,  a  l/2  inch  window  was  placed  for  a  view  of  the  center  of  the 
flame.  With  this  adapter,  eddy  currents  developed  downstream  from  the  window, 
thus  correcting  the  smoke  scattering  problem.  Intensity  variations  of  approxi¬ 
mately  five  per  cent  were  observed  between  successive  shots,  but  this  could  be 
attributed  mainly  to  variations  in  powder  mixing.  See  Figure  6  for  the  final 
design  of  the  atmospheric  solid  oxidizer  chamber. 

Studies  with  pressurized  oxygen  placed  these  stringent  requirements  on 
chamber  design: 

1.  Chamber  must  be  completely  sealed.  : 

2.  Chamber  must  be  inert  to  high  pressure  oxygen.  j 

3«  Chamber  must' withstand  shock  loading.  I 

4.  Chamber  must  have  sufficient  volume  to  prevent  excessive  pressure  buildup.  : 

5>  Chamber  must  be  equipped  with  a  window  capable  of  withstanding  maximal  ! 

pressure  of  chamber.  j 

6.  Chamber  must  be  equipped  with  an  ignitor  capable  of  withstanding  maximum  j 
chamber  pressure  and  3,000  volt  capacitor  dleebarge.  1 
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Dm  final  design  of  tho  pressurised  oxygon  chamber  based  on  these  require* 
aente  le  shown  la  Figure  7» 

A  dynamic  preasurltatlon  ehaa&er  was  designed  to  allow  aeasureaents  at 
extremely  high  pressures  (>l<r  psi).  Design  erlterla  were: 

1.  Provide  for  eontalnaent  up  to  10*  pel. 

2.  Electrical  ignition  of  charge. 

3.  Transparent  window  for  viewing. 

The  chaaiber  Is  shown  in  Figure  8. 
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Section  III 
COMBUSTION  STUD  US 


Before  an  experimental  study  of  nonequilibrium  radiation  from  chemical 
reactions  can  proceed,  accurate  knowledge  of  the  equilibrium  behavior  Is  necessary. 
The  primary  variable  to  be  measured  at  equilibrium  Is  the  flame  temperature  of 
the  reaction.  Knowledge  of  the  flame  temperature  is  Important  because,  by  defini¬ 
tion,  nonequilibrium  radiation  Is  at  an  effective  temperature  higher  than  the 
flame  temperature.  Therefore,  to  determine  experimentally  whether  emission 
observed  In  a  spectral  region  is  equilibrium  or  nonequi librium,  the  temperature 
observed  must  be  compared  with  the  actual  flame  temperature. 

Measurement  of  the  flame  temperature  by  optical  methods  requires  measurement 
of  the  brightness  temperature  and  emissivity  of  the  flame  in  an  equilibrium 
emission  region.  These  measurements  are  the  basis  of  the  combustion  study  being 
performed  under  the  present  contract.  In  the  combustion  study,  it  is  desired  to 
completely  characterize  the  emission  behavior  of  the  basic  combustion  reactions 
so  that  when  dopants  are  added  the  change  in  the  emission  spectrum  and  its  magni¬ 
tude  may  be  instantly  known. 

Another  goal  of  the  combustion  study  is  to  locate  chemical  reactions  which 
produce  extremely  high  temperatures.  The  importance  of  high  temperature  reactions 
is  that  in  these  reactions,  the  available  energy  is  a  maximum.  Thus,  there  is  a 
greater  chance  of  success  in  the  use  of  nonequilibrium  dopants  in  these  reactions. 

To  serve  as  a  guide  for  choice  of  high  temperature  reactions,  a  theoretical 
adiabatic  flame  temperature  calculation  was  made  for  several  reactions.  The 
highest  temperature  reactions  were  selected  for  experimental  study  under  various 
conditions.  The  theoretical  and  experimental  results  are  presented  here  to  serve 
as  a  basis  for  understanding  the  problems  associated  with  the  nonequilibrium 
study  presented  in  Section  IV.  The  highest  temperature  obtained  during  test  was 
a  5d00°K  temperature  at  5^00a  as  shown  in  Figure  13 • 

THEORETICAL  ADIABATIC  FLAME  TEMPERATURE 

An  adiabatic  flame  temperature  is  the  calculated  temperature  for  equilibrium 
conditions  for  a  flame  in  which  no  energy  is  lost  to  the  surroundings.  Ibe 
calculation  of  equilibrium  conditions  is  rather  lengthy,  but  programs  for  com¬ 
puters  have  been  written  to  do  the  calculation. 

In  the  calculation  of  equilibrium,  a  table  of  possible  compounds  is  searched 
and  those  compounds  that  are  thermodynamically  preferred  are  used  to  obtain  the 
solution.  It  is  obvious  that  the  accuracy  of  the  calculation  is  dependent  on  the 
input  thermodynamic  data.  For  the  systems  calculated  (except  hafnium)  the  JAIA7 
thermodynamic  data  is  used.  The  difference  in  input  data  probably  account*  for 
the  difference  in  quoted  temperatures. 

From  tbs  heat  of  formation  of  the  oxide,  it  is  expected  that  thorium,  the 
rare  earths,  hafnium,  zirconium,  beryllium,  and  aluminum  will  give  the  hottest 
flames.  Seme  of  the  adiabatic  temperatures  calculated  by  this  method  are  shawm 
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in  Figure  9*  It  should  be  noted  from  these  graphs  that  lnereasisg  pressure  does 
not  raise  the  temperature  as  much  as  might  be  expected  since  at  these  high 
temperatures  most  of  the  energy  is  being  stored  in  molecular  vibrations.  She 
data  for  thorium  and  the  rare  earths  is  not  available,  but  it  is  expected  these 
should  also  give  high  flame  temperatures  vith  the  possibility  that  the  hure 
earths  may  emit  in  their  absorbtion  bands  and  thus  permit  matching  of  the  flame 
emission  spectrum  to  the  laser  absorbtion  speetnmu 

coMgpgriow  studies 

Preliminary  Experiments  -  To  facilitate  checkout  of  equipment,  it  vas 
decided  to  search  for  a  basic  reaction  vhlch  vas  easy  to  handle  and  produced 
reproducible  flashes.  After  checking  several  possible  reaction  mixtures,  it 
vas  found  that  a  mixture  of  l/5  magnesium.  1/5  aluminum,  and  3/5  sodium  chlorate 
gave  the  desired  results.  This  mixture  vas  stable  for  long  periods,  easy  to 
ignite,  burned  in  less  than  ten  milliseconds,  and  produced  brightness  temperatures 
close  to  the  calibration  temperatures  used.  Also,  even  after  long  storage,  the 
intensity  varied  by  less  than  five  per  cent  from  shot  to  shot. 

To  record  short  pulses,  a  techtronlx  535  oscilloscope  vas  found  suitable 
vhen  equipped  vith  a  Polaroid  oscilloscope  camera.  If  necessary,  ivo  channels 
could  be  recorded  simultaneously.  Triggering  vas  accomplished  by  adjusting  the 
scope  to  trigger  off  the  ignitor  spike  which  occurs  Just  before  the  chemical 
flash. 

An  intensive  experimental  study  of  possible  errors  vas  conducted  vith  the 
basic  reaction  mixture.  From  this  study,  several  sources  of  extraneous  signals 
were  found  and  eliminated.  First,  extensive  masking  of  the  reaction  chamber  vas 
necessary  because  of  the  formation  of  a  large  luminous  cloud  above  the  atmospheric 
chamber  during  firing.  Second,  large  signals  from  the  room  lights  necessitated 
operation  In  the  dark.  Third,  various  signals  vere  picked  up  from  electrical 
equipment  in  operation  in  other  areas  of  the  laboratory  if  the  output  cables 
from  the  sensors  vere  not  veil  shielded.  Fourth,  the  recording  equipment  vas 
sensitive  to  shock  waves  produced  by  the  faster  flashes. 

Experimental  Measurements  -  After  the  preliminary  experiments  vere  completed 
and  the  system  vas  completely  checked  out,  an  Intensive  study  of  brightness 
temperature  variations  vith  wavelength  vas  undertaken.  Several  solid  oxldlser 
metal  mixtures  vere  examined  Including: 


Hs 

A1  ♦ 

HaClO. 

Hi 

+• 

A1  + 

KCLO^ 

Zr 

+ 

BCIO^ 

Hf 

♦ 

KCIO^ 

All  reactions  except  hafnium  plus  potassium  perchlorate  indicate  a  large 
increase  in  brightness  temperature  towards  the  red  end  of  the  visible  spectrum 
as  shewn  in  Figure  10.  Several  explanations  far  this  phenomenon  have  beem 
suggested,  all  of  which  are  based  on  Mie  or  Rayleigh  scattering  of  light  from 
dust  clouds.  However,  the  brightness  temperature  behavior  in  the  infrared  vlll 
be  necessary  before  a  reasonable  explanation  can  be  found. 
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Figure  0.  Theoretical  Adiabatic  Flame  Temperature  Versus  Pressure 
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Figure  10.  Observed  Tg  Versus  Wavelength 
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Reaction  tine  profile*  vary  greatly  depending  on  the  mixture*  used.  A 
itroog  correlation  vaa  found  between  initial  metal  powder  site  and  reaction 
duration.  Xn  general,  the  finer  aeshe*  produced  shorter  reaotioa*  a*  expected, 
however,  little  correlation  was  found  between  meah  *1**  and  brightness  tempera* 
turea.  With  zirconium,  the  ooarae  powder  resulted  in  higher  temperature*  than 
the  fin*  mesh  powder.  !Thia  effect  may  be  due  to  the  presence  of  an  oadde  layer 
on  the  powder  which  would  effectively  reduce  the  free  metal  concentration  lax  the 
finer  powders  because  of  the  larger  surface  areas  present. 

Studies  with  pressurized  oxygen  were  undertaken  to  verify  the  theoretically 
predicted  adiabatic  flame  temperatures.  At  first,  the  metal  powders  were  used 
directly,  but  the  variation  of  brightness  temperature  with  pressure  always 
indicated  a  maximum.  This  effect  was  caused  by  the  fact  that  only  at  one  pres¬ 
sure  would  the  system  be  stoichiometric.  This  effect  is  shown  with  aluminum 
powder  in  Figure  11.  Hafnium  and  zirconium  behave  similarly. 

To  correct  the  stoichiometry  problem  studies  were  initiated  with  metal  wool 
puked  into  pyrex  retainer  tubes.  The  results  with  aluminum  wool  are  shown  In 
Figure  12  with  the  theoretical  falme  temperature  plotted  above.  If  an 
emisslvlty  of  0.225  is  assumed  for  the  aluminum  reaction,  the  "actual"  flame 
temperature  is  found  to  agree  quite  closely  vith  the  predicted  flame  temperature. 

As  a  check  on  this  approach,  zirconium-potassium  perchlorate  mixtures  were 
fixed under  oxygen  pressurization.  33ie  results  are  shown  in  Figure  12.  Again, 
if  the  emisslvlty  Is  assumed  to  be  0.0816,  fair  agreement  is  found  between  the 
"actual"  flame  temperature  and  the  predicted  flame  temperature. 

Zirconium-oxygen  reactions  are  currently  under  study,  but  no  results  are 
available  at  present.  However,  it  Is  assumed  that  similar  behavior  will  be 
observed. 

It  should  be  mentioned  that  these  experimental  emlsslvltles  are  subject  to 
large  errors  if  the  theoretical  flame  temperature  are  in  error,  or  if  smoke 
obscuration  of  the  reaction  zone  is  significant.  Furthermore,  the  two  path 
measurements  taken  on  the  special  apparatus  set  up  for  emisslvlty  measurement 
indicates  that  the  emisslvlties  are  actually  near  0.7.  However,  these  measure¬ 
ments  are  also  subject  to  smoke  obscuration  and  are  probably  higher  than  the 
actual  emlsslvltles.  Again,  infrared  measurements  will  be  extremely  useful  for 
determining  the  actual  flame  temperature .  When  Infrared  data  is  available, 
which  will  be  very  soon,  the  actual  flame  emlsslvltles  will  become  available. 

Higher  brightness  temperatures  were  expected  with  an  increase  in  pressure. 

TO  explore  the  high  pressure  region,  measurements  were  taken  with  solid  axldizer- 
metal  mixtures  in  the  dynamic  pressurization  chamber.  Pressures  up  to  10^  pel 
could  be  handled  in  the  chamber.  Extreme  difficulty  was  experienced  in  conduct¬ 
ing  these  high  pressure  tests  for  several  reasons.  First,  conditions  could  by 
no  means  be  duplicated  between  successive  shots.  Second,  the  window  sometimes 
ruptured,  nullifying  data  received.  Third,  flying  fragments  from  the  ruptured 
wlndor  required  elaborate  protective  screens.  Fourth,  the  short  duration  pulses 
were  hard  to  record  because  of  large  variations  in  the  induction  period  between 
the  Ignition  pulse  and  the  combustion  pulse.  Nevertheless,  significant  data 
was  obtained  on  many  shots  and  are  siKsrlzsd  in  Table  1  .  The  pressures 
reported  are  very  approxABate  and  were  found  by  calculating  the  pressure 
necessary  to  repture  the  window.  A  typical  reaction  intensity  versus  tins  plot 
Is  shown  In  Tlga m  13. 
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An  effective  way  to  increase  the  flame  temperature  of  a  reaction  is  to  add 
extra  energy  to  the  reaction  mixture.  To  accomplish  this  goal,  it  was  decided 
to  try  an  exploding  vire  in  oxygen.  Two  types  of  vires  were  tried,  aluminum  and 
zirconium.  The  vire  was  exploded  in  a  pyrex  capillary  tube  under  sufficient 
oxygen  pressure  to  effect  complete  combustion.  Just  enough  electrical  energy 
i  was  used  to  vaporize  the  vire.  The  results  are  shown  in  Figure  14  with  a  sketch 
of  the  tube  used.  The  brightness  temperatures  observed  vere  higher  than  the 
temperatures  measured  vith  the  metal  vool  burning  in  oxygen.  The  saddles  observed 
axe  caused  by  the  condensation  of  metal  oxide.  From  the  observed  brightness 
temperature  the  calculated  boiling  point  of  the  oxide,  the  emisslvlty  may  be 
roughly  measured.  The  aluminum  emisslvlty  is  approximately  0.26  and  the  zirconium 
emisslvlty  is  approximately  0.08.  Therefore,  the  emisslvities  assumed  in  the 
pressurized  oxygen  studies  are  further  substantiated. 

Time  resolved  spectra  have  been  taken  of  Al,  Hf,  Zr,  and  Nd  reacting  vith 
KClOi  .  Most  of  the  time  resolved  spectra  shots  are  of  little  value  for  bright - 
ness\emperature  determination  because  of  lack  of  constant  developer  temperature, 
old  developer,  failure  to  operate  the  phototubes  at  the  proper  sensitivity  range, 
change  in  film  emulsion  hatch  numbers,  or  an  imperfectly  cut  sectored  vheel 
allowing  the  various  exposures  to  overlap  slightly  on  the  film.  Only  the  most 
recently  taken  A1-KC10^  shots  are  usable  for  film  density  versus  brightness  tem¬ 
perature  calibration.  The  spectral  region  from  35008  to  over  650OA  covered  by 
the  spectrometer  vill  eventually  be  calibrated  at  4500,  5000,  5500,  6000,  and 
65OOA.  A  calibration  for  the  45008  and  60008  region  is  being  prepared  using 
AI-KCIO4  flashes  and  preliminary  curves  are  shewn  in  Figures  15  and  16. 

In  Figure  17  the  microphotometer  traces  of  a  series  of  spectra  are  shpvn. 

In  it  one  can  see  the  progression  of  the  flash  reaction  at  tvo  from  Al,  K,  and 
Na  (an  impurity  in  the  KCIO4)  vapor.  The  bands  of  A10  and  the  continuum  radiation 
of  solid  and  liquid  phases  are  not  as  yet  detectable.  Perhaps  the  most  striking 
occurrence  is  the  increase  in  continuum  brightness  temperature  in  the  blue  region 
of  the  spectrum  before  the  continuum  in  the  red  can  be  detected  (2-4  milliseconds). 
The  Intensity  of  the  NaD  lines  is  already  quite  high.  Differences  in  film 
response  to  blue  and  red  light,  therefore,  cannot  account  for  this  discrepancy; 
apparently,  continuum  emisslvlty  is  initially  higher  towards  the  blue  end  of  the 
spectrum.  During  the  same  2-4  millisecond  time,  the  A10  bands  at  5079*  and 
5337a  axe  not  yet  visible  while  those  at  4648a  and  48428  appear  quite  Intense. 
Because  the  sensitivity  of  Kodak  103F  film  is  lower  in  the  green,  and  this  region 
has  not  as  yet  been  calibrated,  it  is  possible  that  failure  to  pick  up  the  A10 
bands  at  5079a  and  5337a  Is  attributable  to  the  lover  film  sensitivity.  At 
subsequent  time  intervals  the  microphotometer  traces  show  an  Increase  In 
continuum,  band,  and  line  radiation;  K  lines  and  the  center  of  the  HaD-llnes  are 
observed  in  absorption,  but  A10  is  always  present  in  emission.  Either  the  gas 
is  hotter  than  the  solid,  i.e.  Al  is  oxidized  primarily  in  the  gas  phase,  or  the 
emisslvlty  of  the  solid  is  lover.  From  the  preliminary  film  density  calibration 
data  gathered  thus  far,  it  appears  that  the  continuum  brightness  temperature  In 
the  45OOA  region  is  alvaya  greater  than  in  the  60008  region  and  is  more  compar¬ 
able  to  the  peak  brightness  temperature  of  the  KaD-lines  (even  though  these  lines 
are  self  absorbed  near  their  centers).  This  would  indicate  that  ths  particles 
sad  ths  gas  art  at  about  the  same  temperature  and  the  emisslvlty  of  the  particles 
is  higher  st  4500a  than  at  6000A.  More  can  be  said  about  the  Al-KClO^  system  I 
when  calibration  of  the  film  is  completed. 


26 


north  American  Aviation,  Inc. 

INTIRNATIONAL  AIRPORT 
LOO  ANOILER  0,  CALIFORNIA 

NA-64-105 


02  AT  500  PSI 
STOICHIOMETRIC  RATE) 


BRIGHTNESS  I 
TEMP-(°K)  I 


NORTH  AMERICAN  AVIATION,  INC. 

INTIRNATIOMAL  AIRPORT 
LOS  ANGELES  9.  CALIFORNIA 


%  LIGHT 
TRANSMISSION 
OF  FILM 


0.1  OJ  OS  0.4  05  06  a7  08  0.9  LO  U  U  LS  L4  L5  1J  L7  LB 
PHOTOTUBE  OUTPUT  (VOLTS) -► 

Figure  15,  Percent  Light  Transmission  Versus  Phototube  Output  ^ 
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Figure  17.  Time  Resolved  Spectra  (1  of  3) 


North  American  Aviation,  Inc. 

IWnitMATK3NAL  AJWONT 
LOO  AN O ELKS  S.  CALIFORNIA 


HA-6V-105 


Measurement  of  Bnisslvlty  and  Pros  Tbaygerature  -  Single -double  path  mmwi- 
ments:  Temperatures  determined  by  phototubs s  sighted  on  a  radiation  •bores  art 
brightness  temperatures,  or,  the  temperature  at  which  a  blackbody  would  be  an 
equl talent  radiation  source.  Measuring  the  true  temperature  of  a  source  requires 
that  the  emlssivity  be  known.  There  Is  evidence  from  the  brightness  temperature 
data  taken  thus  far  at  both  large  pressures  and  at  one  atmosphere,  that  the 
emlssivity  of  the  luminous  cloud  is  lew.  If  this  Is  indeed  the  oase,  It  would  . 
Indicate  that  additives  to  modify  the  emlssivity  should  be  given  consideration. 

To  measure  the  true  temperature  of  the  flash  reaction  an  apparatus  was  set 
up  to  perform  single-double  path  measurements.  The  set  up  is  shown  In  Figure  18. 
The  arrangement  Is  similar  to  that  for  measuring  brightness  temperature  except 
that  a  spherical  mirror  and  a  light  chopper  have  been  added  behind  the  flash. 

The  spherical  mirror  is  set  at  a  distance  from  the  chemical  reaction  equal  to 
its  radius  of  curvature  so  as  to  form  an  image  at  the  focal  point  of  the  lens 
system.  The  phototube  now  responds  to  an  alternating  signal  consisting  first 
of  radiation  directly  from  the  flash  and  then,  when  the  chopper  opens  the  optical 
path  to  the  mirror,  radiation  directly  from  the  flash  plus  radiation  from  the 
flash  that  has  been  attenuated  by  reflection  from  the  mirror  and  by  traveling 
through  the  luminous  cloud.  The  equations  for  the  single-double  path  process 
can  he  easily  set  down  and  solved  if  light  scatterings  is  neglected.  (The  left 
hand  side  of  the  equations  is  Wien's  approximation  to  Flank's  law). 

Single  Path 


C  _  -4,  -Ua-Ln 

ir,  ~~  ^  A  l  / 


Double  Bath 


f^FC  j  =  rlfO-- 


t  PJL 


-S*L 


Solving  the  two  equations  for  the  two  unknowns,  Ep  and  Tp,  it  Is  found  that 

£f  i(| 1  ■  ■ 


Tf  :  l/C  >/r. 

Scattering  of  light  may  be  of  Importance  to  the  missive  properties  of  tbs 
cloud  and  can  make  the  determination  of  emlssivity  much  more  difficult.  At 
simplest  analysis  that  can  be  made  of  s  situation  Involving  light  scattering 
would  be  to  assume  that  all  scattered  radiation  leaves  the  optical  path  to  ths 
sensor  and  negligible  light  is  scattered  Into  the  path.  Sr  this  case  the  equa¬ 
tion*  are: 

Single  Path 

[jcT7Sr.J  : 
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Double  Path 

J-  (T [-  {WskJJ  (6) 

Theae  equation*  cannot  b*  solved  rigorously  because  they  contain  three 
unknowns  &  ,  ,  and  Tj.  Comparing  the  equations  1  and  2  and  5  and  6  It  oan 

be  seen  that  the  solution  for  Ey  from  equations  1  and  2  diminished  by  /(/*♦&) 
when  equations  5  and  6  are  used  (the  change  from  to  In  the  exponential 
terms  Is  of  no  consequence  numerically).  Ihe  equations  5  and  6  are  approxima¬ 
tions  to  the  rigorous  solution  of  the  multiple  scattering  problem  and  are 
valid  when'll, >>  (3).  The  relative  size  of  5«.  and  tfj  ,  the  absorption  and 

scattering  cross  sections,  can  be  rigorously  calculated  for  a  certain  wavelength 
by  use  of  Mle '  s  theory.  One  must  know,  however,  the  complex  refractive  Index  of 
the  material  and  the  particle  sizes.  Neither  of  these  quantities  is  known.. 

Single  and  double  path  measurements  have  been  made  during  flashes  of  Al,  Zr, 
and  Hf  with  KClOj,  at  the  wavelengths  4500A,  5000A,  and  6000A.  With  a  chopper 
frequency  of  IOOO  to  2000  cycles  per  second  there  was  no  great  difficulty  In 
distinguishing  the  alternating  signal  output  of  the  phototube  from  random 
variations  In  the  light  output  of  the  flash  process.  A  typical  phototube  response 
during  single -double  path  measurements  is  shown  in  Figure  19-as  displayed  on  a 
CRT.  The  lower  trace  Is  the  chopper  frequency  detected  by  a  phototransistor  — - 
light  source  combination  described  in  connection  with  the  time  resolved  spectra. 

Since  the  flashes  investigated  were  set  off  on  a  flat  plate,  the  optical 
path  length  of  the  luminous  cloud  as  well  as  the  mass  of  material  in  the  optical 
path  are  unknown.  The  results  of  these  experiments  could  not  be  used  for  the 
prediction  of  emlsslvlty  of  radiating  clouds  of  similar  particles  viewed  at 
other  optical  depths.  As  stated  before,  the  object  was  merely  to  measure  the 
true  flash  temperature. 

It  was  usually  observed  that  the  opacity  of  the  luminous  cloud  Increased 
with  time  and  in  seme  cases  became  completely  opaque  (radiation  from  the  re* 
fleeting  mirror  didn't  penetrate  the  cloud)  during  the  latter  portion  of  the 
flash. 

Some  experiments  vers  performed  in  which  the  phototube  and  lens  was  set  at 
a  slight  angle  20°)  to  the  direction  of  the  reflected  light  from  the 
spherical  mirror  —  this  was  dona  to  see  if  scattered  radiation  from  the  back¬ 
ground  source  could  be  detected.  None  was  detected.  The  solid  angle  viewed  by 
the  phototube  was  very  small  (0.00464  steradlans)  and  scattered  radiation  woald 
have  been  difficult  to  pick  up  and  distinguish  from  radiation  directly  from  the 
flash. 

Secause  of  the  small  solid  angle  viewed  by  tbs  phototube  it  appears 
reasonable  to  expect  that  a  narrow  baaa  of  radiation  from  a  source  placed 
behind  the  flash  would  obey  the  Bouger- Lambert  lw;  {*( J4t||)L] 

The  data  gathered  using  the  single-double  path  technique  are  compiled  la 
TkblelX  along  with  the  calculated  adiabatic  flame  temperature  of  the  mettle 
reacting  with  KaClO. .  Potassium  was  not  on  the  data  tapes  used  In  the  ccmpmta- 
tions).  The  amlsslvltles  and  temperatures  tabulated  were  calculated  nalag 
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equations  X  and  2,  that  la,  using  tha  assumption  that  .  There  la  some 

doubt  about  tha  laportanoa  of  aoattarlac  and  tha  matter  will  have  to  ba 
examined  more  fully  In  tha  futura. 

Balaalon  Spaotra  -  Mission  apaetra  hava  boon  takan  of  tha  reaction  of 
atolehlomme  mlxturoo  of  KCIOl  and  aluminum,  zirconium,  hafnium,  lanthanum 
and  neodymium  powder.  Tha  spectra  vara  takan  uaing  tha  Bauaeh  and  Lomb  1.5 
motor  spectrometer  with  Kodak  10  3F'  film  and  eovarad  tha  raglon  from  3660X  to 
about  7000a.  Moat  pf  the  band  structures  observed  hara  bean  Identified  aa 
being  due  to  metal  oxides  (A10,  ZrO,  HfO,  IaO)  uaing  the  tabulation  of  Pearee 
and  Gaydon  (2).  The  spectra  are  shown  in  Figures  20  and  21  with  the  metal 
oxide  labeled.  The  band  structure  of  HfO  has  not  been  analyzed  and  only 

the  location  of  prominent  band  heads  listed  by  Fearse  and  Gaydon  (2)  are  pointed 
out  in  that  figure. 

Additives  -  Neodymium  was  Included  in  a  list  of  possible  reactants  primarily 
because  it  was  expected  that  the  rare  earths  might  emit  in  the  region  where  rare 
earth  dopants  in  the  lattices  of  lasers  would  have  absorption  bands.  Hopefully, 
rare  earth  additives  would  modify  or  tailor  the  spectral  emission  characteristics 
of  the  chemical  flash.  Spectra  of  the  Nd-KC10b  flash  reaction  were  taken  and 
found  to  contain  only  continuum  radiation  from  solid  particles  and  a  number  of 
fine  lines  attributable  to  Nd  vapor  or  impurities  (see  Figure  22  film  II  exposure 
B).  None  of  the  NdO  emission  bands  listed  by  Fearse  and  Gaydon  (2)  could  be 
identified.  There  was  ho  evidence  of  higher  emission  In  spectral  regions  where 
Nd  In  glass  lasers  can  be  pumped. 

Neodymium  addition  was  tried  in  zirconium  and  aluminum  ptwder  flashes  to 
sec  if  the  emissive  characteristics  of  the  flash  reactions  could  be  tailored. 

The  spectra  taken  appear  in  Figure  22.  It  was  found  that  small  amounts  of  Ml 
in  Zr  resulted  in  a  large  reduction  or  disappearance  of  the  band  structure  of 
ZrO;  the  emission  is  mostly  continuum  and  resembles  that  of  the  Nd-KClO^  flash 
in  its  lack  of  band  structure.  Also  shown  in  Figure  22  is  the  spectrum  of  Al- 
KClOj,  with  and  without  Nd  addition.  Addition  of  about  20  per  cent  by  weight  of 
Nd-KClOj,  to  AI-KCIO4  did  not  abscure  the  A10  band  structure  and  produced  some 
identifiable  band  structure  of  NdO  extending  from  5971*  to  6629 A.  There  also 
appeared  to  be  a  slight  enhancement  of  continuum  radiation  in  the  red;  this 
enhancement  however,  is  not  in  the  Nd  glass  laser  pumping  bends. 

Probably  the  boiling  point  of  ZrOp  is  high  enough  so  that  additives  result¬ 
ing  in  a  lowering  of  the  flame  temperature  greatly  reduce  the  amount  of  ZrO 
vapor  present.  This  colder  burning  mixture  vlll  then  exhibit  a  mtch  reduced 
oxide  band  structure.  The  altmlnm  burns  aoetly.  in  the  vapor  phase  sad  the 
flame  temperature  of  AI-KCIO4  mixture  is  closer  to  the  measured  temperature  of 
Bd-KC10b  so  that  the  cooling  effect  of  Nd  le  less.  Tbs  MO  bends  are  not  visible 
la  the  zlrcGdvm  metal  flashes  because  the  continuum  radiation  Is  Intense  enough 
to  ob  sours  them. 

Some  spectra  have  been  taken  of  flash  reactions  of  A1  end  KCIOl  to  Irtish  . 
BaNOi  had  been  added.  Thif  was  done  because  BaNO-  has  been  reported  by  Pleatlany 
to  enhance  the  brightness  temperature  of  A1-KC10,  Jflash  bombs.  The  BaNO.  Is 
Itself  an  oxidizer  and  Is  supposed  to  be  aa  effective  catalyst  for  KCIOl 
decomposition  to  KC1  (h).  An  emission  spectrum  of  a  hO  per  cent  Al-30  per  cent 
KC10b-30  per  cent  BaNOj  flash  Is  shown  in  Figure  21  sod  can  be  compared  with  the 
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spectrum  of  A1-KC10, .  The  min  dlffsrsnos  between  tbs  two  is  the  tsnd  structure 
of  Bsdl  centered  et5136»  5139*2.  5240. 5  end  5320.61  (BoO  bonds  si's  not  risible). 
Tbs  lnoreosed  brightness  tsaperoture  sight  bs  nttrlbutsd  to  ths  sddsd  emission 
of  tbs  BsCl  bsn&s,  but  Is  soars  likely  due  to  lnereosed  rsoetlon  rotes  beooase  of 
the  eotolysls  of  KCIO^  decomposition. 
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Beetles  IT 

NONEQUILIBRIUM  STUDIES 


Equilibrium  is  defined  as  the  condition  for  which  so  potential  exists 
for  changing  the  energy  distribution.  All  other  conditions  ere  none  equili¬ 
brium  conditions. 

By  the  definition  of  nonequllibrlua,  it  is  seen  that  many  different 
energy  modes  may  be  in  nonequilibrium.  Radiation  is  generally  not  in 
equilibrium;  it  is  usually  deficient  in  energy.  Chemical  equilibrium 
generally  does  not  exist  unless  the  system  is  at  high  temperature;  the 
chemical  system  usually  has  an  excess  of  energy w  Electronic,  vibrational, 
rotational,  and  kinetic  energy  modes  are  generally  in  equilibrium  except 
under  low  pressure  conditions.  Our  problem  is  to  take  the  chemical  non- 
equilibrium  and  convert  the  excess  energy  to  radiation  of  a  specified, 
frequency  range. 

To  convert  chemical  energy  to  radiation,  many  different  techniques 
are  available .  These  techniques  take  the  energy  of  the  chemical  system 
and  transform  it  one  or  more  times  to  finally  obtain  radiation.  Each 
energy  transformation  is  limited  by  the  lavs  of  radiation  and  thermody¬ 
namics,  which  allows  us. to  put  limits  on  the  efficiency  of  transforma¬ 
tion  of  the  proposed  techniques. 

The  occurrence  of  nonequilibrium  and  techniques  of  use  are  analysed 
for  guidance  in  the  pumping  program. 

Theoretical  Bases 

The  bases  for  an  analysis  of  the  radiation  and  thermodynamic  laws. 

In  particular  the  considerations  of  interest  here  are:  blackbody  radia¬ 
tion  (5),  emissivlty  (5),  theoretical  flame  temperatures  (6),  entropy 
(7),  and  equilibrium  energy  distribution  (8).  Since  these  topics  are 
covered  adequately  in  the  literature,  only  the  final  equations  are  given. 

Black  body  radiation  la  described  by  Planck's  equation 

J5*CT)  =  airKVVt^(hcVAT)  -  l] 


Where  •£>  le  energy  density  at  the  frequency  ^  (frequency  in  ware  numbers 
per  cm).  The  superscript  zero  indicates  blackbody.  Defining  the 
radiancy 

(R-  z  cli)V.Vv 
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Integrating  over  the  fre<p»ncy  give*  . 

<SK°-  o-T 

for  the  tot  el  radiation  energy  for  all  vw  length*. 

The  e«i**ivity  1*  defined  u 

*  --  <rV 

for  the  total  emiaaivity  £  or  th*  spectral  amisaivlty  £.*  .  The  eijeel- 
vity,  £  ,  reflectivity,  r,  and  scattering  coefficient,*,  are  related 

I : £ +4 


or 


Often  5sS,»0  and  the  scattering  is  ignored. 

Theoretical  flame  temperatures  are  calculated  hy  l)  mass  balance 
equations,  2)  enthalpy  balance  equation,  pre88urebalanceeq^tion,and 
UT  enuilibrium  constants.  These  equations  are  all  that  are  neeaea  to 
specify  the  system.  Since  equilibrium  is  assumed,  1 

assumed.  Since  an  enthalpy  balance  is  assumed,  an  adiabatic  i* 

assumed.  (While  not  used,  the  flame  temperature  at  constant  jrolume_can 
he  calculated  by  replacing  the  enthalpy  by  the  internal  energy  and  p 
sure  by  density.) 

The  entropy  is  important  for  determining  the  limits”  on  *?“" 

version  If  m  l.entroplc  prone..  occur.,  th.  .qullltolo.  condition  hoU. 
Bms,  In  an  leentroplc  relation  prone..,  the  bUckbody  ll^t  Is  lqioMd. 
Hie  entropy  is  defined 

dS  -  dSr  +  <®1 


•f 


ahcre  r  inUc.te.  rmiettlt  «nd  1  lrrmnttl.  Q  *•  “  .. 

I£Sbi.lo\»h.  both  tin.  fomUAy  the  «■..  B»  d.flnltlon  of  d4  U 


-dQ 


In  other  vords,  an  irreversible  change  is  accompanied  hy 

Internal  energy.  The  implications  of  this  statement  are  amplified  during 

the  discussion  on  tapping. 

The  Boltsaaa  energy  distribution  is  given  at* 


'"i  -Nu>i  (-£^/AT)//?E 
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where  n^ls  the  population  of  state  i, <jt  ie  the  statistical  weight  of  state 
1,  and  B^ls  lte  energy  level.  Ignoring  negligible  quantum  effects,  this 
gives  the  equilibrium  distribution.  Conversely  given  1%  a  temperature  for 
the  state  Is  defined.  The  energy  levels  are  for  any  mode— kinetic,  rota¬ 
tional,  vibrational,  or  electronic* 

Noneoullibrium  State 

Since  nonequilibrium  is  defined  as  not  at  equilibrium,  there  are  many 
end  varied  nonequilibrium  conditions.  In  a  none qui librium  condition, 
there  is  a  driving  force  or  potential  that  will  tend  to  equilibrate  the 
systems .  To  use  the  nonequilibrium  potential  for  laser  punning,  poten¬ 
tial  must  be  converted  to  radiation  in  a  spectral  band,  nils  is  the  objec¬ 
tive  of  this  study. 

Nonequilibrium  exists  as  frozen  composition  (as  mixing  zirconium  and 
KClOti  at  room  temperature),  radiative  nonequilibrium,  excess  excitation  of 
energy  levels  (often  occurs  because  of  chemi-exeitstion),  hot  spots,  and 
underexcited  energy  levels  (giving  a  higher  kinetic  temperature; .' Since 
hot  spots  and  underexcitation  are  characteristic  of  low  pressure  systems 
(and  hence  poor  radiative  syatema),  these  modes  of  nonequilibrium  are  not 
discussed  further.  In  addition  frozen  composition  is  the  typical  for 
chemical  reactions.  The  only  phase  of  interest  to  this  study  ie  the 
energy  output  and  combustion  efficiency.  Thus  the  nonequilibrium  aspect 
is  not  discussed. 

Radiation 

There  Are  a  number  of  problems  associated  with  radiation.  The  ones  of 
Interest  in  this  study  are  emissivity,  optical  depth,  and  chemiluminescence. 
While  important,  emissivity  and  optical  depth  are  not  discussed  in  this 
section.  Chemiluminescence  is  the  basis  for  tailoring  and  tapping  energy 
of  chemical  reactions.  In  a  chemical  reaction,  the  energy  released  goes 
into  kinetic,  rotational,  vibrational,  and  electronic  energy.  Generally, 
the  energy  goes  to  exciting  the  molecule  rather  then  kinetic  energy  as: 

0  H  +  M  — ►OH*  +  if 

Urns  easily  excited  species  are  much  more  effective  third  bodies  than  mona¬ 
tomic  species.  Since  excitation  ie  the  primary  path  of  a  reaction,  our 
problem  is  to  tap  this  energy  before  it  converts  to  kinetic  energy. 

The  temperature  of  the  excited  state  can  be  calculated  from  the 
distribution 

£«  /AT  r  (  H/^i) 

nils  temperature  (which  Is  not  the  kinetic  temperature )  controls  the 
radiation  equilibriun— assuring  no  absorption  in  the  surrounding  gas. 

As  such,  it  appears  that  the  black  body  radiation  limit  for  the  radiating 
gas  ia  unimportant.  A  nor*  serious  problem  can  occur  tron  a  nantle  of 
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nonexcitad  gu  surrounding  the  radiating  gaa. 
Overexcitetion 


Excitation  can  oeour  by  thermal  excitation,  excitation  tranafer,  and 
chemical  reaction.  In  thermal  excitation,  the  excitation  la  la  equili¬ 
brium  with  the  kinetic  temperature.  This  produce*  the  normal  exeltatloa 
for  comparison.  It  becomes  overexcitation  only  when  the  kinetic  tempera¬ 
ture  decreases  repdily— which  does  not  occur  in  our  system.  In  excita¬ 
tion  transfer,  the  excitation  energy  is  transferred  from  one  sped*  to 
another.  This  is  the  mechanism  for  tailoring  radiation,  but  orerexcltatlon 
is  not  produced  this  vay,  only  transferred.  Chemical  excitation  le  the 
only  method  for  production  of  overexcitation  in  our  system.  In  a  chemical 
reaction,  the  chemical  energy  is  converted  into  excitation  energy  and 
kinetic  energy.  The  usual  conservation  lavs  (mass,  momentum,  -ngnT-y 
momentum,  spin,  and  energy)  hold  for  collision  in  which  a  chemical  reaction 
occurs  (9).  Since  momentum  is  a  vector  quantity,  it  is  possible  that  all 
the  energy  can  be  converted  to  kinetic  energy  by  a,  superelastie  coll. don. 
The  cross  section  for  the  various  collisions,  must  be  obtained  to  give 
the  ratio  of  excitation  to  kinetic  energy.  However,  in  almost  every 
reaction  studied  for  excitation,  it  has  been  found.  This  Is  the  source 
of  nonequilibrium  excitation  in  our  system. 

Techniques 

In  tapping  or  tailoring  radiation,  a  high  emissivity  material  is  used 
as  a  dopant.  In  tailoring  the  radiation,  the  emission  is  raised  toward 
the  black  body  limit  for  the  kinetic  temperature.  In  tapping,  the  energy 
of  excitation  is  converted  to  radiation.  If  the  excitation  is  at  an 
effective  temperature  higher  than  the  kinetic  temperature,  the  radiation 
can  be  above  the  black  body  limit  for  the  kinetic  temperature.  Hie  limit¬ 
ing  temperature  in  all  cases  is  the  effective  temperature  of  the  perti¬ 
nent  process.  (Unfortunately,  this  is  many  times  the  cool  outer  portions 
of  the  combustion.) 

As  dopants,  metals,  salts  (with  strong  dipoles),  and  fluorescent 
solids  are  considered.  If  the  fluorescent  solid  vill  vork,  it  appears 
to  be  the  best  choice.  The .  energy  of  condensation  should  he  easily  tapped. 
The  emitted  radiation  is  less  likely  to  be  reabsorbed,  and  most  fluores- 
cents  are  radiators.  Possibly  it  will  not  be  able  to  take  the  conditions 
of  the  combustion.  Since  the  total  combustion  time  is  short,  there  Is  a 
chance  that  the  fluorescent  solid  can  survive. 

If  the  fluorescent  solid  will  not  vork,  metals  and  salts  vill  be 
tried  as  dopant.  Both  are  strong  gaseous  radiators.  There  Is  a  possi¬ 
bility  that,  since  the  condensation  is  the  energetic  reaction,  gaseous 
species  will  not  be  able  to  tap  the  system.  Thus  an  experimental  program 
is  essential  for  testing  the  systems. 
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Csadldsts  Systems 

Calculations  were  run  for  aluminum  and  potassium  perchlorate,  and  for 
slrconlum  and  potassium  perchlorate.  Adiabatic  flame  temperatures  for 
the  two  systems  are  about  5000*K  and  5500*K  respectively  at  66  ataospherS* 
pressure.  This  gives  a  radiation  Intensity  of  2.31  x  10“  z  e/p  and  3. 59 
x  10“ 2  C/Pkcal/gm  in  the  visible.  (The  density  converts  to  mass  from  the 
area  radiation  to  make  the  units  comparable  to  the  excess  energy  at  lower 
temperatures . ) 

If  ve  allow  the  systems  to  combust  at  one  atmosphere  at  a  temperature 

sufficiently  high  for  good  combustion  (2T00K  for  A1  and  3000  for  Zr), 

there  is  considerable  excess  energy.  It  amounts  to  kc&l/gm  for  the 

aluminum  and  0.99  kcal/gm  for  slrconlum. 

% 

Looking  at  the  thermochemical  data,  only  beryllium,  boron,  and  lithium 
appear  to  be  comparable  to  aluminum.  This  easiest  system  to  handle  is 
one  of  the  best. 

Most  metals  are  good  radiators  as  are  fluorescent  materials.  Thus, 
the  main  Interest  is  to  select  the  correct  radiation  bands.  Examples  of 
metals  are  Ti,  Y,  Ag,  Cu,  Ba,  Tl,  and  Hg.  Since  we  are  interested  in 
the  metal  and  not  a  compound,  the  metal  should  be  relatively  inactive. 

All  except  barium  In  the  above  list  are  less  active  than  aluminum. 

Typical  phosphors  that  radiate  in  the  correct  spectral  region  are 
ZngSiO^:  Mn,  ZnSt  Ag:  Cu,  Zn?  BeSlc  0^:  Mn,  and  MgS:  Sb.  In  addition, 
a  short  persistence  and  high  saturation  density  are  desired.  Of  the 
listed  fluorescent  materials,  ZnS:  Ag:  Gu  has  a  long  persistence. 

Salts  that  hive  large  dipole  moments  are  usually  good  radiators. 

Since  transition  probabilities  are  hard  to  come  by,  initial  screening  is 
by  dipole  moments.  In  general,  large  dipole  moments  occur  in  polyatomic 
molecules— which  have  only  a  limited  spectral  analysis.  Thus  the  screen¬ 
ing  on  molecules  will  be  the  heavy  metal  chlorides  and  fluorides.  It  is 
hoped  that  augmentation  will  occur  with  these  salts. 
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